The parasitoid wasp Cephalonomia tarsalis (Ashmead) (Hymenoptera: Bethylidae) is 23 commonly present in stored product facilities. While beneficial, it does not provide a high 24 degree of biological pest control against its host, the saw-toothed beetle Oryzaephilus 25 surinamensis (L.) (Coleoptera: Silvanidae). A candidate explanation for poor host population 26 suppression is that adult females interfere with each other's foraging and reproductive 27 behavior. We used simple laboratory microcosms to evaluate such mutual interference in 28 terms of its overall effects on offspring production. We varied the density of the hosts and 29 also the spatial structure of the environment, via the extent of population sub-division and the 30 provision of different substrates. Production of C. tarsalis offspring was positively influenced 31 by host density and by the isolation of females. With incomplete sub-division within 32 microcosms offspring production was, in contrast, low and even zero. The provision of 33 corrugated paper as a substrate enhanced offspring production and partially mitigated the 34 effects of mutual interference. We recommend simple improvements to mass rearing practice 35 and identify promising areas for further behavioral and chemical studies towards a better 36 understanding of the mechanisms of mutual interference. 37 38
storage facilities C. tarsalis has been regarded as a "poor" biocontrol agent given that 49 significant pest infestation can occur even in cases where wasp population density is very 50 high (Powell, 1938; Eliopoulos et al., 2002a Eliopoulos et al., ,2002b . One of the first studies of the biology of 51 C. tarsalis concluded that, due to its low reproductive output, this wasp was not of economic 52 importance as a biological control agent (Powell, 1938) . In this study we evaluated the effects of intra-specific interactions between C. tarsalis 119 its overall effects on offspring production, using simple laboratory microcosms; within these 132 we varied the density of the hosts (individuals per unit area) and the spatial structure of the 133 wasps' and host's environment. The effect of spatial structure was explored both by varying 134 the extent of population sub-division and by provision of different substrates. We use our 135 results to recommend improvements to mass rearing practice and to identify promising areas 136 for further work towards improving stored product biological control using C. tarsalis. 137
138

Materials and Methods
140
Insects 141
142
We studied the wasp C. tarsalis and its host the saw-toothed grain beetle, O. surinamensis. 143
The beetle was kept in culture in 2-litre clear plastic jars in the laboratory using a mixture of7 crushed wheat: rolled oats: dried yeast (5:5:1). The wasp was kept in culture using the same 145 rearing medium and jars as the beetle, with a large number of full-grown host larvae. Small 146 pieces (2 cm × 2 cm) of corrugated paper were introduced to the wasp culture jars (15-20 / 147 jar) as "shelters" for the female wasps. All insect cultures were kept under controlled 148 environmental conditions (27°C, 16:8 L:D, 60% R.H.). Paper shelters were replaced every 2-149 3 days and those with parasitized larvae were transferred to Petri dishes until wasp eclosion. 150
Wasps were collected daily for use in the experimental treatments. 151
152
Experimental treatments 153 154
We assessed the effects of spatial structure on C. tarsalis reproduction using experimental 155 arenas excavated from opaque plastic blocks with transparent Plexiglas lids (Fig. 1) ; designs 156 were based on those used by Sreenivas and Hardy (2016) . Three different block types were 157 used: Type A blocks were multi-chamber arenas; the diameter each of the 25 chambers was 158 1.78cm. Chambers were interconnected by passages (1cm long × 0.4cm wide). The total area 159 of chambers and passages within the block was 72.7cm 2 (Fig. 1A) . Type B blocks were 160 similar to Type A, but there were no passages between the chambers, which were thus 161 isolated from each other, and chambers were of greater diameter (1.92cm) in order to 162 maintain the overall floor area of 72.7cm 2 (Fig. 1B) . Type C blocks contained a single 163 circular chamber of diameter 9.62cm, a floor area of 72.7cm 2 (Fig. 1C) . All chambers and 164 passages were 0.6cm deep. Spatial structure was further varied by placing within the 165 chambers a single layer of wheat kernels, a small piece of corrugated paper (1cm × 1cm) or 166 no additional substrate (empty chamber). When paper was present, 25 pieces were placed in 167 the single chamber (block type C) or 1 piece per chamber in the multi-chamber blocks (types Blocks were inspected daily and adult wasps were removed, once the progeny started 178 reaching pupal stage, to prevent subsequent confusion with adult female offspring. The pupae 179
were collected from each block, counted and transferred to Petri dishes (diameter 9cm) where 180 they were checked daily for emergence of adult offspring. The number of adults and their sex 181
were subsequently recorded. Before proceeding to the main analysis of data on adult numbers 182 we checked that the probability of the collected pupae surviving to adulthood did not differ 183 between experimental treatments: there were 11 combinations of experimental conditions 184 under which some offspring reached pupation and their post-collection survival did not vary 185 significantly across these (logistic ANOVA: F10,93 =0.55, P=0.847). 186
The experiment was thus essentially a factorial design testing the effects on parasitoid 187 offspring production of host density (low or high), substrate structure (3 types of substrate) 188 and either gross spatial structure (single or multi-chamber blocks) or interconnectedness 189 (passages open or closed). As there could be no passages within single chamber blocks, the 190 analysis was however constrained to proceed in two main steps, after testing for differences 191 across all treatments; the first step using data from single chamber blocks and multi-chamber 192 blocks and the second using data from both types of multi-chamber blocks. Differences in offspring production across all treatments were tested using one way ANOVA 201 (which used data from all replicates simultaneously but did not allow exploration of 202 potentially important interaction terms). In the two main analytical steps, 3-way factorial 203
ANOVAs were used to explore effects of combinations of spatial structure, substrate, 204 interconnectedness, host density, and their interactions. Significance tests were carried out as 205 terms were sequentially deleted from an initially more complex model and when significant 206 factors with >2 levels were simplified by aggregation to find the minimum adequate model 207 (Crawley, 1993). We illustrate results in terms of parasitoid adults produced per replicate 208 block and also per host per replicate, as the latter pertains to mass rearing efficiency. Logistic 209 modelling, assuming quasi-binomial error distributions, was used for the analysis of pupal-to-210 adult mortality and sex ratio data (the proportion of offspring that were male) (Crawley, 211 1993; Wilson & Hardy, 2002 ) and log-linear modelling, assuming quasi-Poisson distributed 212 errors was used for the analysis of male numbers. Quadratic terms were included to test for 213 significant curvilinearity. All statistical testing was 2-tailed. 214
Results 215
There were significant differences in production of adult offspring across the 18 216 combinations of experimental conditions (log-linear ANOVA: F17,162 =181.28, P<0.001, 217
Deviance explained = 95.0%). To explore how production was influenced by host density and 218 the different facets of spatial structure we first compared adult production using data from 219 single chamber blocks plus the open-passage treatments of the multi-chamber blocks. Total 220 adult production was significantly higher among multi-chamber blocks compared to single-221 chamber blocks (Table 1 ) and was significantly affected by the substrate provided (Table 1 ) 222 with adult production particularly enhanced by the presence of corrugated paper and lower 223 when either kernels or no substrate were provided (Figs. 2 & 3) . The production of adults 224 was, however, significantly higher when kernels were present than when there was no 225 substrate (attempted model simplification by aggregation of factor levels: F3,113 =11.42, 226 P<0.001). There were significant pairwise interactions between the type of block, the type of 227 substrate and the density of hosts provided (Table 1) . 228
We next analyzed adult production data from the multi-chamber blocks only. This allowed us 229 to explore the effect of passages between chambers being open or closed, along with the 230 influence of other main effects and their interactions. Total adult production was significantly 231 higher when host density was high, when passages were closed and when corrugated paper 232 was provided rather than kernels or no substrate (Table 2, Fig. 3 ). There was no significant 233 difference in production between chambers with a layer or kernels and chambers with no 234 substrate (model simplification by aggregation of factor levels: F3,113 =0.67, P=0.571). There 235 were significant pairwise interactions between host density, the substrate provided within the 236 chambers and with the interconnectedness of the chambers (Table 2) . 237
The mean sex ratios produced (proportion of adult offspring that were male) was 0.378 (±SE 238 = 0.0095) and varied significantly across the 11 experimental combinations under which 239 some adults were produced (logistic ANOVA: F10,93 =12.12, P<0.001), ranging from all-240 females to 50% of adults being male (Fig. 4) . Across all replicates, sex ratios were 241 significantly related to the number of adults produced, generally increasing (logistic 242 regression: F1,102 =34.6, P<0.001) but with significant curvilinearity (quadratic term: F1,101 = 243 21.1, P < 0.001, Fig. 4 ). This was due to a significant increase in the proportion of male 244 progeny as adult production per block increased up to around 20 (log-linear regression: F1,102 245 =364.99, P<0.001) also in a curvilinear relationship (quadratic term: F1,101 = 122.11, P < 246 0.001, Fig. 5) . 247
In Production of C. tarsalis offspring was strongly influenced by host density and by spatial 261 structure, both in terms of sub-division and the provision of substrate. The greater production 262 of offspring when greater numbers of hosts were provided to isolated females (block type B) 263 is unsurprising because, at 27°C, C. tarsalis is capable of laying in excess of 100 eggs across 264 over 25 hosts (Lukáš, 2007) . Whether hosts were provided at high or low density, progeny 265 production was generally much lower when there was no sub-division or incomplete sub-266 division within the microcosms; in many cases no progeny at all were produced. When not 267 isolated, females can experience higher parasitoid densities due to behavioral and/or chemical 268 interactions with other females: these interactions clearly result in mutual interference. We found that C. tarsalis production was clearly enhanced by the provision of corrugated 292 paper and that its presence could partially offset the negative effects of female interaction. 293
The provision of corrugated paper constitutes a cheap and effective method to enhance the 294 mass rearing of this parasitoid. It has long been established that C. tarsalis uses shelters to 295 hide the paralyzed host before oviposition and often halts parasitization in the absence of 296 suitable shelters (Powell, 1938 likely to be found, whereas attractive cues are unlikely to emanate from corrugated paper 309 (unless parasitoids emerging as adults in culture learn to associate cues from corrugated paper 310 with host locations). We also note that the provision of substrate may affect the outcome of 311 inter-specific interference competition between C. tarsalis and, for instance, C. waterstoni; as 312 has been found for interactions between other species of Cephalonomia (Batchelor et al. 313
2005, 2006). 314
The sex ratios produced by C. tarsalis in our study were generally within the relatively 315 narrow range of previous reports (0.3-0.5) but were lower when few adults were produced. 316
Collatz et al. (2009) reported that the sex ratios produced by individual C. tarsalis females 317
were uncorrelated with host availability, with 50-400 hosts provided. We found, when 318 providing 25-125 hosts, that the sex ratios collectively produced by 25 females were higher 319 when host density was greater. Our data are compatible with the notion that the sex ratio 320 release. Our data show that when females are not isolated from each other, intra-specific 335 interactions result in a considerable reduction in progeny per female and also per host 336 provided. Mass rearing will thus be most efficient, in terms of parasitoids reared per host, 337 when isolated females are provided with relatively few hosts and are also provided with 338 substrate in which to place the hosts they parasitize. 339
Once parasitoids are released into infested storage facilities they face the challenge of finding 340 their hosts, which they achieve largely by chemical means (Collatz & Steidle, 2008) . 341
Synthesized pheromones might be utilized by biocontrol practitioners to attract and retain C. 342 tarsalis females close to host infestations and thus increase parasitism rates (Hötling et al., 343 2014). However, our data suggest that higher densities of parasitoids will lead to increased 344 mutual interference, which is likely to be disruptive to biocontrol. 
